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(57) ABSTRACT

A laser gain medium 1ncludes an optical medium configured
to transmit a laser beam and having an 1ncident face, a first
face, a second face opposing to the first face; and gain media
configured to amplily the laser beam while reflecting the laser
beam. At least one of the gain media 1s joined on a first face of
the optical medium as a first face gain medium, and at least
one of the remaining gain media 1s joined on a second face of
the optical medium as a second face gain medium. The laser
beam 1s incident into the optical medium, and 1s amplified by
the first face gain medium and the second face gain medium
while being alternately retlected by the first face gain medium
and the second face gain medium.

6 Claims, 13 Drawing Sheets




U.S. Patent Nov. 29, 2011 Sheet 1 of 13 US 8,068,523 B2

Filg. ]

102
101 5 103



U.S. Patent Nov. 29, 2011 Sheet 2 of 13 US 8,068,523 B2

Flg. 3




U.S. Patent Nov. 29, 2011 Sheet 3 of 13 US 8,068,523 B2

Filg. 4




U.S. Patent Nov. 29, 2011 Sheet 4 of 13 US 8,068,523 B2




U.S. Patent Nov. 29, 2011 Sheet 5 of 13 US 8,068,523 B2

12



U.S. Patent Nov. 29, 2011 Sheet 6 of 13 US 8,068,523 B2

12



U.S. Patent Nov. 29, 2011 Sheet 7 of 13 US 8,068,523 B2

12




U.S. Patent Nov. 29, 2011 Sheet 8 of 13 US 8,068,523 B2

12b

CC\L,J
O
oL &
L _o

12a



U.S. Patent Nov. 29, 2011 Sheet 9 of 13 US 8,068,523 B2

12b

2e

Fi1g.10

23

12a



1Ndino 1ol

| JONHIAIT JANIVEIARAL | gy pqay
ALTINVAD NOILdNO0SaY NIVO

FONIIAAA1A FNLVESNEL |y p
ALTINVAD NOILdH0Sav NIV

US 8,068,523 B2

o
S FNHAA10 JANLVEIRAL | e g
2 ALTINVAD NOILY0SSY NIVY
i
7).

JONYAA1A JANLVEAARAL | 7y
— ALTINVAD NOILd¥0SSY NIVY
=
o sl
2 (b WLV 86 1L "0-hEE) HOEE (%09) M009 ALLINVNO NOILdd0S8y NIV
-
2

(S3dHvX3) %WWOLY 8 6 40 NOILVYINFONOD

41SNrdv NOI1VYINJONQO INVISNOO NV 'ww G20
NY SSANMOIHL 40 dSVO NI 40 SSINMOIHL 40 d4SVO NI

| .00 :ITONV INJQIONI ‘uuwG :¥3[FWVIQ 10dS
(304N0S LHOIT NOILYLIOXI T1ONIS) ML ¥3MOd NOILYLIOX3

[ | "8 1

WNIQdN NIVD 445V 1

U.S. Patent



US 8,068,523 B2

Sheet 11 of 13

Nov. 29, 2011

U.S. Patent

JONTUAA10 TINLVEIMEL | o ot
ALTINVAD NOTLdHoSav NIVD

JONFIIAAIA JANLVEIdRIL |y g g
ALTLNYND NOTLdY0SEY NIVO ]

FONFYF4410 NLVYEAdNEL | o

ALLLNVAD NolLldwosay | NAVS

JONFHAA10 FANIVEIIL | 7 g g
ALLLNVAD NOILd¥0SaY NIV |
| | JONFHIIATA JANLVAANAL |y g g
(% WLV 86 ‘W9] "0) HIET (%08) MOOY ALTINYD NOTLd¥OSEY NIVY

(SATdIYXI) %WOLY 8 6 40 NOILVHLINSONOD
d31Snravy NOILVHINAONOO INYISNOO OGNV W ¢ °0 40
ANV SSANMOIHL 40 4ASVO NI NISSINMOTHL 40 dSYO NI

WNIGIN NIVD 445V

209 :TTONV INJAIONT 'wwg :Y313WYIA 10dS
"(S394N0S LHYIT NOILVLIOX3 OML) MOOS Y¥aMOd NOILVIIOX

¢l 81



U.S. Patent Nov. 29, 2011 Sheet 12 of 13 US 8,068,523 B2

Firg. 13

100 —
=
I
S T 400 B
l | =
I : <l
- : -
(. : =
= ; =
;: 50 I E-_-
> =
= exp (-2 d/cos ) 200 £
3 | 9.8 atm. % =
i a=10(cm™1) ABSORPTION OF ABOUT 60%
6 =60 IN THICKNESS OF 0. 25mm

ABSORPTION OF ABQUT 80%
IN THICKNESS OF 0. 4mm

0 0
0 0.5 1

THICKNESS  (mm)



US 8,068,523 B2

Sheet 13 0of 13

Nov. 29, 2011

U.S. Patent

Fl1g. 14

12

12

12

..ﬂdr

/ﬂﬂV ng

ﬁ/lﬂ/,ﬁ,.l NRRNNARNN

ér

/mrﬂr

AN

12



US 8,068,523 B2

1

LASER GAIN MEDIUM AND LASER
OSCILLATOR USING THE SAME

INCORPORAITION BY REFERENC.

L1

This patent application claims priority on convention based
on Japanese Patent application No. 2008-283642. The disclo-
sure thereof 1s incorporated herein by reference.

TECHNICAL FIELD

The present invention 1s related to a laser, and more par-
ticularly, to a structure of a laser gain medium, a laser oscil-
lator using the laser gain medium.

BACKGROUND ART

In recent years, a laser apparatus which has a small size but
high output power and high beam quality 1s demanded 1n a
laser machining field and so on. Conventionally, a gas laser
has been widely used for a high output power laser, from the
viewpoint of the output and the beam quality. However,
recently, a laser diode (LD) pumping solid-state laser which
uses laser diodes as excitation light sources has spread rap-
idly.

In order to realize a high output power laser by using the
solid-state laser, discharge of heat generated 1n the laser gain
medium 1s important.

FIG. 1 shows a rod-type solid-state laser system. Pumping
light beams 102 are irradiated on the cylindrical side face of
a rod-type laser gain medium 101 and an amplified laser beam
103 is outputted from one of the rod ends. In the laser system
of this type, a temperature gradient 1s generated inside the
laser gain material rod 101 1n a radial direction. This tempera-
ture gradient causes degradation of the quality of the laser
beam and a laser output drop. Also, 1t 1s necessary to consider
the durability of laser gain medium to the temperature gradi-
ent and to restrain the output power. Moreover, 1t 1s difficult to
realize the laser gain medium of a large diameter rod from the
viewpoint of crystal growth and there 1s a limit 1n realization
of high output power.

A slab laser system using a plate-type laser gain medium
has been devised to reduce the above-mentioned temperature
gradient in the rod-type laser gain medium. In this type of
laser system, laser light beam propagates 1n a zigzag manner
while being fully reflected 1n the laser gain medium and 1s
amplified. In this slab laser system, even 1f the temperature
gradient 1s generated 1n the laser gain medium, the intluence
of the temperature gradient on the laser beam can be canceled
since the laser beam propagates 1n the zigzag manner 1n the
temperature gradient.

A method using a disk-type laser gain medium 1s known 1n
order to solve a heat problem peculiar to the solid-state laser
system. FIG. 2 shows a laser system of a transmission type as
an example of the disk-type laser system. A pumping light
beam 112 1s irradiated to a thin disk-type laser gain medium
111 from outside. A laser beam 114 1s supplied from one of
the faces of the laser gain medium 111 and a laser beam 113
which has been amplified 1s outputted from the other face. In
this laser system, by employing the laser gain medium of thin

disk type, the area of a reception face of the pumping light
beam can be made large. Moreover, 1t 1s possible to uniformly

cool the whole disk face, and generation of the temperature

gradient of the laser gain medium can be suppressed.
The disk-type laser systems are mainly divided into a trans-
mission type laser system shown 1n FIG. 2 and a retlection
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2

type (an active mirror type) laser system shown 1n FIG. 3,
depending on a method of amplifying the laser beam.

In the transmission-type solid-state laser system, the tem-
perature in the disk rises with irradiation of the pumping beam
112 to the disk-type laser gain medium 111 so that the tem-
perature gradient 1s generated. In order to eliminate the tem-
perature rising and the temperature gradient, coolant 1s sup-
plied to the front and back faces of the disk for heat radiation
115. In the transmission-type solid-state laser system, the
laser beam which has passed through the coolant 1s outputted.
For this reason, problems such as warp of the outputted laser
beam and limitation on operation (for example, stop the sup-
ply of the coolant during the laser oscillation) are caused.

On the other hand, 1n the active mirror type solid-state laser
system shown 1n FIG. 3, one of the faces of a disk-type laser
gain medium 121 1s covered with a reflection film, a laser
beam 123 1s inputted from the face opposite to the retlection
f1lm and 1s outputted. By providing a heat discharging mecha-
nism on the whole face covered with the retlection film, the
heat accumulated 1n the laser gain medium can be efficiently
discharged as radiation 125. It 1s possible to output the ampli-
fied laser beam without undergoing influence of the heat
discharging mechanism. Also, comparing with the transmis-
sion-type laser system, since an optical path of the laser beam
1s folded, the laser beam can be amplified additionally for one
return path. Therefore, when disks with the same shape are
used, there 1s an advantage 1n larger amplification of the laser
beam 1n the retlection type than in the transmaission type.

In conjunction with the above description, the following
references are known: Japanese Patent Application Publica-
tions (JP-A-Heise1 9-312430 and JP-P2006-237170).

In above-mentioned solid-state laser system, a great deal of
heat 1s generated 1n the laser gain medium with the optical
excitation and the temperature of the laser gain medium rises.
Therefore, 1n order to operate the laser system continuously,
it 1s necessary to cool the laser gain medium to discharge the
generated heat.

However, since the thermal conductivity of the solid-state
laser gain medium 1s generally low, the large temperature
gradient 1s caused between the hot inside portion and the
cooled surface portion. For this reason, phenomena such as
inclination of refractive index, mechanical stress, depolariza-
tion, and detuning could happen. As a result, it easily causes
the degradation of beam quality, reduction of laser output, and
the break-down of the solid-state laser medium. This would
cause a large problem when extending the solid-state laser to
the high output power.

In the large output power laser, a great deal of energy has to
be amassed in the laser gain medium. On the other hand, a
technique 1s known in which multi-stage amplification 1s
applied to attain a large gain. In this case, because laser gain
media are independent, the light axis of an input laser beam to
be amplified 1s easily shifted due to mechanical vibration of
the laser.

In order to obtain a laser beam of high beam quality, 1t 1s
required that the laser beam 1s amplified uniformly 1n a region
of the laser gain medium through which the laser beam propa-
gates. In addition, 1t 1s required that a temperature 1s uniform
among gain media, since a temperature gradient 1s generated
as the whole laser gain medium so that adverse intluence 1s
given on laser oscillation when the temperature of the laser
gain medium largely varies due to the heat through absorption
of a pumping light beam.

SUMMARY

A subject matter of the present invention 1s to provide a
technique for generating a laser beam with high quality and
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high output power while suppressing adverse influence of
heat generation 1n gain media.

In an aspect of the present invention, a laser gain medium
includes an optical medium configured to transmit a laser
beam and having an incident face, a first face, a second face
opposing to the first face; and gain media configured to
amplily the laser beam while reflecting the laser beam. At
least one of the gain media 1s joined on a first face of the
optical medium as a first face gain medium, and at least one of
the remaining gain media 1s joined on a second face of the
optical medium as a second face gain medium. The laser
beam 1s incident into the optical medium, and 1s amplified by
the first face gain medium and the second face gain medium
while being alternately retlected by the first face gain medium
and the second face gain medium.

In another aspect of the present invention, a laser oscillator
includes an optical resonator having an 1put side reflection
mirror and an output side reflection mirror, a laser gain
medium arranged between the input side reflection mirror and
the output side reflection mirror; and a pumping light source
configured to supply a pumping light beam to the laser gain
medium. The laser gain medium includes an optical medium
configured to transmit a laser beam and the pumping light
beam and having an incident face, a first face, a second face
opposing to the first face; and gain media pumped by the
pumping light beam and configured to amplify the laser beam
while retlecting the laser beam. At least one of the gain media
1s joined on a first face of the optical medium as a first face
gain medium, and at least one of the remaining gain media 1s
joined on a second face of the optical medium as a second face
gain medium. The pumping light beam 1s incident from the
pumping light source into the optical medium, and pumps
cach of the first and second face gain media through an optical
path. The laser beam 1s propagated on the optical path and 1s
amplified 1n the optical resonator by the first face gain
medium and the second face gain medium while being alter-
nately retlected by the first face gain medium and the second
face gain medium.

In still another aspect of the present mvention, a laser
oscillator includes an optical resonator having an input side
reflection mirror and an output side reflection mirror; and a
laser gain medium arranged between the input side reflection
mirror and the output side reflection mirror. The laser gain
medium includes an optical medium configured to transmit a
laser beam and a pumping light beam and having an incident
face, a first face, a second face opposing to the first face, and
gain media pumped by the pumping light beam and config-
ured to amplify the laser beam while reflecting the laser beam.
At least one of the gain media is joined on a first face of the
optical medium as a first face gain medium, and at least one of
the remaining gain media 1s joined on a second face of the
optical medium as a second face gain medium. The laser
oscillator further includes a pumping light source provided
for each of the gain media and configured to supply the
pumping light beam to each of the gain media. The laser beam
1s propagated on the optical path and 1s amplified 1n the
optical resonator by the first face gain medium and the second
face gain medium while being alternately reflected by the first
face gain medium and the second face gain medium.

In yet still another aspect of the present invention, a laser
oscillator includes a laser gain medium; an pumping light
source configured to supply a pumping light beam to the laser
gain medium; a laser beam source configured to supply a laser
beam; an mput optical system configured to lead the laser
beam on an optical path on which the pumping light beam
propagates; and an output optical system configured to lead
the laser beam 1nto a direction different from the optical path.
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The laser gain medium includes an optical medium config-
ured to transmit the laser beam and the pumping light beam

and having an incident face, a first face, a second face oppos-
ing to the first face; and gain media pumped by the pumping
light beam and configured to amplify the laser beam while
reflecting the laser beam. At least one of the gain media 1s
joined on a first face of the optical medium as a first face gain
medium, and at least one of the remaining gain media 1s
joined on a second face of the optical medium as a second face
gain medium. The pumping light beam 1s incident from the
pumping light source mto the optical medium by the input
optical system, and pumps each of the first and second face
gain media through the optical path. The laser beam 1s propa-
gated on the optical path and 1s amplified by the first face gain
medium and the second face gain medium while being alter-
nately retlected by the first face gain medium and the second
face gain medium, and the amplified laser beam 1s outputted
through the output optical system.

In another aspect of the present invention, a laser oscillator
includes a laser gain medium; an pumping light source con-
figured to supply a pumping light beam; a laser beam source
configured to supply a laser beam; a laser beam optical system
configured to lead the laser beam to the laser gain medium;
and a pumping light beam optical system configured to lead
the pumping light beam to the laser gain medium. The laser
gain medium includes an optical medium configured to trans-
mit the laser beam and the pumping light beam and having an
incident face, a first face, a second face opposing to the first
face; and gain media pumped by the pumping light beam and
configured to amplify the laser beam while reflecting the laser
beam. At least one of the gain media 1s joined on a first face of
the optical medium as a first face gain medium, and at least
one of the remaining gain media 1s joined on a second face of
the optical medium as a second face gain medium. The pump-
ing light beam 1s incident from the pumping light source into
the optical medium by the pumping light beam optical sys-
tem, and pumps each of the first and second face gain media
through an optical path. The laser beam 1s propagated on the
optical path and 1s amplified by the first face gain medium and
the second face gain medium while being alternately reflected
by the first face gain medium and the second face gain
medium.

Therefore, according to the present invention, it becomes
possible to generate the laser beam with the high quality and
the high output power without adverse intluence of heat gen-
eration 1n gain media.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a conventional rod-type solid-
state laser system,;

FIG. 2 1s a diagram showing a conventional transmission-
type disk-type laser system:;

FIG. 3 1s a diagram showing a conventional reflection-type
disk-type laser system:;

FIG. 4 1s a perspective view showing a laser gain medium
used 1n a laser system according to the present invention;

FIG. 5 1s a sectional view showing the behavior of a laser
oscillator using the laser gain medium 1n the first embodiment
of the present invention;

FIG. 6 1s a diagram showing a modification of the laser
oscillator 1n the first embodiment;

FIG. 7 1s a diagram showing the structure of a laser oscil-
lator according to a second embodiment of the present inven-
tion;

FIG. 8 1s a diagram showing the structure of a modification
of the laser oscillator 1in the second embodiment;
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FIG. 9 1s a diagram showing the structure of a laser oscil-
lator according to a third embodiment of the present mven-
tion;

FIG. 10 1s a diagram showing the structure of a laser oscil-
lator according to a fourth embodiment of the present mnven-
tion;

FIG. 11 1s a table showing a result when adjusting the
thickness and the dope quantity of a laser gain medium in case
of one pumping light source;

FIG. 12 1s a table showing the result when adjusting the
thickness and the dope quantity of the laser gain medium in
case of the two pumping light sources;

FI1G. 13 1s a diagram showing relationship of the thickness
of each of gain media and the absorption factor of a pumping
light beam; and

FI1G. 14 1s a diagram showing another pumping method of
the laser gain medium.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Hereinafter, a laser system according to the present mven-
tion will be described with reference to the attached drawings.

First Embodiment

FIG. 4 1s a perspective view showing a structure of a laser
gain medium used 1 a laser system according to a first
embodiment of the present invention. A laser gain medium 10
1s of a composite type in which an optical medium 1 and a
plurality of gain media 2a to 2e are combined.

The optical medium 1 1s formed of the same optical
ceramic material as those of the plurality of gain media 2a to
2¢ but 1s not doped with active elements such as Nd and Yb
which contribute to amplification of a laser beam. The optical
medium 1 has two side faces parallel to the YZ plane and
opposite to each other. Each of the side faces has a trapezoidal
shape which has a lower side and an upper side 1n a Z-axis
direction and oblique sides 1n ends of the optical medium 1.
The optical medium 1 has a flat top face 45 which 1s con-
nected with the two upper sides of the two trapezoidal shapes.
The top face 45 1s parallel to an XY plane. The optical
medium 1 has a flat bottom face 4a which 1s connected with
the two lower sides of the two trapezoidal shapes. The bottom
face 4a 1s parallel to the XY plane and 1s opposite to the top
tace 4b. The optical medium 1 has a first oblique end face S1
which 1s connected with the flat top face 4b, the bottom face
da, and two oblique sides of the trapezoidal shapes. The first
end face S1 1s formed to have a predetermined tilt angle which
1s smaller than 90 degrees with respect to the bottom face 4a.
The optical medium 1 has a second end face S2 which 1s flat
and connected with the top face 45, the bottom face 4a, and
the two remaimming oblique sides of the two trapezoidal
shapes. The second end face S2 1s formed to have a predeter-
mined tilt angle which 1s smaller than 90 degrees with respect
to the bottom face 4a. These tilt angles are selected and set to
suppress reflection at the end faces when a pumping light
beam or a laser beam 1s 1incident to a zigzag shaped optical
path.

The plurality of gain media 26 and 24 are joined with the
top face 4b of the optical medium 1. At least one active
clement 1s doped into the gain media 26 and 2d to contribute
to the amplification of the laser beam. The plurality of gain
media 2a, 2¢ and 2e are joined with the bottom face 4a of the
optical medium 1. At least one active element 1s doped into
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6

the gain media 2a, 2¢, and 2e to contribute to the amplification
of the laser beam. Each of the gain media 2a to 2¢ 1s of a slab
type (thin plate).

The gain media 2a to 2e are formed of ceramic, crystal and
so on of yttrium aluminum garnet (YAG) as the optical mate-
rial and are doped with active elements such as Nd and Yb.
The laser gain medium 10 1s a member of a composite type 1n
which the optical medium 1 and the gain media 2a to 2e are
joined with each other 1n sintering. Or, the optical medium 1
and the gain media 2a to 2¢e may be joined by means of
adhesive material, optical joining material and so on. An
optical deviation does not occur 1n the laser gain medium 10
even when mechanical vibration 1s applied to the laser gain
medium 10, since the optical medium 1 and the gain media 2a
to 2e are coupled to each other to be unified.

A large-sized laser gain medium suitable for a high output
laser becomes possible by using a ceramics material for the
laser gain medium. In this way, the pumping area can be
extended. Also, 1t 15 possible to make the gain media absorb a
pumping light beam of a large light intensity due to high heat
resistance property of the ceramics materal.

FIG. 5 1s a sectional view showing the behavior of a laser
oscillator using the laser gain medium 10 1n the first embodi-
ment. The laser oscillator 1s provided with an optical resona-
tor which includes a laser beam full reflection mirror 3 as an
input side reflection mirror and an output mirror 6 as a retlec-
tion mirror on the output side. The laser gain medium 10 1s
arranged between the laser beam full reflection mirror 5 and
the output mirror 6.

A pumping light beam 3 outputted from a pumping light
source 12 transmits through the laser beam full reflection
mirror 5 and 1s incident on the end face S1. The incident
pumping light beam 3 1nputted to the end face S1 1s reflected
alternately by the gain media 2qa, 2¢, and 2e joined with the
bottom face 4a and the gain media 25 and 24 joined with the
top face 4b to form a zigzag optical path. That 1s, the incident
pumping beam 3 is reflected sequentially by the gain media
2a, 2b, 2¢, 2d and 2e to form the zigzag optical path. The
pumping light beam 3 1s reflected by one of faces (hereinatter,
to be referred to as a back face) of each of the gain media 2a
to 2e opposing to the face joined with the optical medium 1.
For example, each of the gain media 2a, 2¢, and 2¢ joined with
the bottom face 4a of the optical medium 1 has as a reflection
face, the back face opposite to the bottom face 4a of the
optical medium 1. Fach of the gain media 26 and 24 joined
with the top face 45 of the optical medium 1 has as a reflection
face, the back face opposite to the top face 4b of the optical
medium 1. High reflection coating may be applied to these
reflection back faces. Preterably, the gain media 2a to 2e are
arranged on such positions that the pumping light beam 3
propagating on the zigzag optical path 1s fully reflected, with-
out applying the high reflection coating. The structure of the
laser gain medium 10 1n which the full reflections are used can
be realized by adjusting the incidence angle of the pumping
light beam 3 to the first end face S1 and the arrangement of the
gain media 2a to 2e.

When propagating in the optical medium 1, the pumping
light beam 3 1s not absorbed. The pumping light beam 3 enters
cach of the gain media 2a to 2e from the bottom face 4a or the
top face 46 1n the optical medium 1, 1s absorbed by each of the
gain media 2a to 2e, 1s reflected on the back face of the gain
medium, and 1s again returned to the optical medium 1
through the top face 45 or the bottom face 4a. Since the
pumping light beam 3 1s not absorbed inside the optical
medium 1, the optical medium 1 1tself does not generate heat.
The gain media 2a to 2e generates heat through absorption of
the pumping light beam 3 but have the shape of thin plates.
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Accordingly, when the back faces of the gain media 2a to 2e
are cooled, they are efficiently and uniformly cooled. The heat
which 1s generated from the gain media 2a to 2e diffused 1nto
the optical medium 1, to ease heat lens effect and heat double
refraction.

A heat sink or a cooling unit in which liquid-nitrogen and
so on flows through a tlow path, may be provided around the
laser gain medium 10. This cooling unit cools the back faces
of the gain media 2a to 2e at least.

Generally, in many cases, the heat transier rate of a high
reflection coating film 1s not high. Therefore; when the back
faces of the gain media 2a to 2e are not applied with a high
reflection protective coating film, and fully reflect the pump-
ing light beam 3, the heat conduction i1s good and the cooling
can be carried out more etficiently.

The pumping light beam 3 1s absorbed by the gain media 24
to 2e of the laser gain medium 10. The laser beam which 1s
supplied from a laser beam source (not shown) and which 1s
amplified through the absorption of the pumping light beam
resonates between the laser beam full reflection mirror 5 and
the output mirror 6 and 1s outputted as the laser beam 4 from
the laser gain medium 10 through the output mirror 6.

The temperature rising caused by the absorption of the
pumping light beam 1n each of the gain media 2a to 2e 1s made
constant. It 1s possible to realize this based on the different
thicknesses of the gain media and/or difference dope quanti-
ties of active element(s).

The plurality of gain media are joined on the top face 45
and the bottom face 4a of the optical medium 1 1n the present
embodiment. In the examples of FIGS. 4 and 5, the three gain
media 2a, 2¢ and 2e are joined on the bottom face 4a and the
two gain media 26 and 2d are joined on the top face 4b. By
employing such a structure, 1t 1s easy to give different
adjusted gains to the gain media which are arranged on the
different positions on the optical path. An example of the
gains of gain media 2a to 2e 1s shown below. It 1s adjusted for
the temperature rising due to the heat generated by the pump-
ing light beam absorption 1n each gain medium to be approxi-
mately uniform.

The pumping light beam 3 1s stronger in a nearer position to
the pumping light source 12 on the optical path. Therefore,
when the pumping light beam 3 1s incident on one of the gain
media which have identical characteristics, the gain medium
on the nearer position to the pumping light source 12 has a
larger generated heat. As 1n the present embodiment, by
adjusting the thicknesses of gain media 2a to 2¢ or the dope

quantities of active element(s) such that the absorption factor
of the pumping light beam 3 1n the gain medium far from the
pumping light source 12 on the optical path is larger, the
generated heat amounts by the gain media on different posi-
tions on the optical path can be equalized.

As a modification example of the embodiment shown 1n
FIG. §, the pumping light beam 1s not supplied through the
incident side reflection mirror but may be supplied from the
outside of the incident side reflection mirror. For example, the
pumping light beam may be obliquely supplied from the
outside of the incident side reflection mirror 5 by using a
refractive mndex depending on the wavelength so as to form
the zigzag optical path. In this case, the desirable result can be
obtained by using Brewster’s angle (polarization angle) to the
wavelength of each of the laser beam and the pumping light
beam.

FIG. 6 shows the laser oscillator in a modification of the
first embodiment. In this modification, four gain media 2a to
2d are joined on the top face 45 and the bottom face 4a by two
by two.
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The side face of the laser gain medium 10 1s a parallelo-
gram. Even in this structure, the above-mentioned effect can
be attained by using ditlerent gains of the gain media 2a to 24d.

Second Embodiment

FIG. 7 1s a diagram showing the structure of a laser oscil-
lator according to a second embodiment of the present mven-
tion. The laser oscillator 1n the second embodiment can be
realized by using the laser gain medium 10 shown in FIGS. 4
and 5. The laser oscillator 1s provided with the laser gain
medium 10, the pumping light source 12, the laser beam full
reflection mirror 5, a polarized light rotating device 7, a full
reflection mirror 8, and a polarized light splitter 9.

The pumping light beam 3 outputted from the pumping
light source 12 transmits through the laser beam full reflec-
tion mirror 3 and the polarized light splitter 9 and 1s incident
into the laser gain medium 10 from the first end face S1. The
pumping light beam 3 excites or pumps the gain media 2q to
2¢. On the other hand, a laser beam 4 to be amplified 1s
incident from the laser beam source 12 and 1s directed to the
same optical path as the pumping light beam 3 by the laser
beam full reflection mirror 5. The laser beam 4 to be amplified
1s amplified inside the laser gain medium 10 and the amplified
laser beam 1s outputted from the second end face S2. The laser
beam 4 1s reflected by the full reflection mirror 8 and returns
to the second end face S2. The polarized angle of the laser
beam 4 1s rotated or changed by a predetermined angle when
passing through the polarized light rotating device 7 arranged
between the second end face S2 and the full reflection mirror
8. The amplified laser beam 4 which is returned from the
second end face S2 to the first end face S1 1s directed to a
direction different from the optical path on which the pump-
ing light beam 3 propagates, by the polarized light splitter 9
and 1s taken out outside.

FIG. 8 1s a diagram showing the laser oscillator having the
structure which the polarized light rotating device 7, the full
reflection mirror 8 and the polarized light splitter 9 are
removed from the structure shown in FIG. 7 as another modi-
fication of the second embodiment. In this laser oscillator, the
laser beam 4 1s amplified iside the laser gain medium 10 and
the amplified laser beam 4 1s outputted from the second end
face S2 without reflecting 1t by any full retlection mairror.

Third Embodiment

FIG. 9 1s a diagram showing the structure of the laser
oscillator according to a third embodiment of the present
invention. The laser oscillator 1n this embodiment can be
realized by using the laser gain medium 10 shown 1n FIGS. 4
and 5. However, the thicknesses and/or the dope quantities of
the gain media 2a to 2e are adjusted such that the temperature
rising of the gain media 2a to 2¢ 1s made uniform, when the
pumping light beams 3a and 356 from a plurality of pumping
light sources 12a and 125 are absorbed by the gain media 2a
to 2e and the heat 1s generated through the absorption. The
laser oscillator 1s provided with the laser gain medium 10, the
pumping light sources 12a and 125, the laser beam full reflec-
tion mirrors 5a and 3b, and the output mirror 6.

The pumping light source 12a outputs a pumping light
beam 3a. The pumping light beam 3a transmits through the
laser beam full reflection mirror 5a and 1s incident on the first
end face S1 of the optical medium 1. The incident pumping
light beam 3a forms the above-described zigzag optical path
since 1t 1s alternately reflected by the gain media 2a, 2¢ and 2e
on the bottom face 4a, and the gain media 25 and 24 on the top
face 4b. The pumping light source 126 outputs a pumping
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light beam 35. The pumping light beam 35 transmits through
the laser beam full retflection mirror 36 and 1s incident on the
second end face S2 of the optical medium 1. The incident
pumping light beam 35 forms the same zigzag optical path as
the pumping light beam 3a.

The pumping light beam 3a 1s led to a direction different
from the optical path between the second end face S2 and the
pumping light source 126 by the laser beam full reflection
mirror 56 arranged between the second end face S2 and the
pumping light source 125. The output mirror 6 1s arranged on
the output path. The pumping light beam 3a and the pumping,
light beam 35 are fully absorbed by the gain media 2a to 2e of
the laser gain medium 10 and generate fluorescence. The
generated fluorescence resonates 1n the optical resonator
between the laser beam full reflection mirror 5a and the
output mirror 6 and 1s outputted as the laser beam 4 from the
output mirror 6.

Fourth Embodiment

FIG. 10 1s a diagram showing the structure of the laser

oscillator according to a fourth embodiment of the present
invention. The laser oscillator 1n this embodiment can be
realized by using the laser gain medium 10 shown 1n FIGS. 4
and 5. However, the thicknesses and/or dope quantities of the
gain media 2a to 2e are adjusted such that the temperature
rising of the gain media 2a to 2¢ are uniform, even 1f the heat
generated by absorption of the pumping light beams from the
plurality of pumping light sources 1s given to each of the gain
media 2a to 2e. The laser oscillator 1s provided with the laser
gain medium 10, the pumping light sources 12a and 125, the
laser beam full reflection mirrors 5a and 3b, the polanzed
light rotating device 7, and the polarized light splitter 9.
In this embodiment, the pumping light source 125 1s added,
compared with the laser oscillator of the second embodiment.
The pumping light beam 35 outputted from the pumping light
source 125 transmits through the laser beam full reflection
mirror 3b and the polarized light rotating device 7 and 1s led
on the same optical path as the pumping light beam 3a out-
putted from the pumping light source 12a. The gain media 24
to 2e are excited or pumped by the pumping light beams 3a
and 35. Similar to the second embodiment, the laser beam 4 1s
led on the same optical path as the pumping light beams 3a
and 3b, and 1s amplified by the gain media 2a to 2¢ and 1s
outputted in a direction different from the optical path of the
pumping light beams 3a and 35 by the polarized light splitter
9.

Like the firstembodiment, in the laser system of the second
to fourth embodiments, the temperature 1s adjusted to be
uniform, by adjusting an absorption factor by using the gain
media 2a to 2e. Therefore, 1t 1s possible to generate an ampli-
fied laser beam with high quality. Also, like the first embodi-
ment, the heat generated 1n the gain media 2a to 2e can be
eificiently removed by means of the cooling unit. It should be
noted that the number of gain media, and the size of each gain
medium are not limited to the above embodiments and may be
determined based on the amplification and output.

It should be noted that 1n the laser system of the first to
fourth embodiments, the pumping light beam 1s incident into
the laser gain medium 10 through the end faces S1 and/or S2.
However, as shown in FIG. 14, the pumping light beam may
be incident 1nto each of the laser gain media from a direction
opposing to the laser gain medium independently from the
other laser gain media. In this case, the same effects as the
laser oscillator and the laser oscillator shown 1n FIGS. 4 to 10
can be obtained. In this case, the temperature rising in the gain
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media through the absorption of the pumping light beams 1s
made uniform, by adjusting the thicknesses and dope quan-
tities of the gain media.

The mventors adjusted the thicknesses and dope quantities
of gain media 2a to 2e as follows:

(1) the gain media are adjusted such that the temperature
rising of each of the gain media 1s uniform and 1s equal
to or less than 20 K to a determined excitation power and
a beam size,

(2) the gain media are adjusted such that equal to or more
than 99% of the pumping light beam 1s absorbed by the
laser gain medium, and

(3) when the laser beam goes and returns on one optical
path inside the laser medium, the accumulated power
can be efficiently extracted.

FIGS. 11 and 12 show calculation results of a case that the
thicknesses of gain media 2a to 2e and the doped concentra-
tions of the active element(s) 1n the gain media 2a to 2e are
constant and a case that the doped concentrations are
adjusted. FIG. 11 shows a result 1n case of one pumping light
source, and FI1G. 12 shows a result in case of the two pumping,
light sources.

FIG. 13 shows relationship of the thickness of each of the
gain media and the absorption factor of the pumping light
beam when the incident angle to each of the gain media 2a to
2¢1s 60 degrees. The vertical axis on the right hand side shows
the absorption when a 500 W light source 1s used.

The temperature difference AT 1n FIGS. 11 and 12 1s cal-

culated as follows:

AT=0xd/kxS

where Q: a calorific power (W) (20% of the absorption)
d: the thickness of the medium (mm)

K: the heat transfer rate (20 W/mK)

S: the face area of the beam (2r=5 mm).

What 1s claimed 1s:

1. A laser gain medium comprising:

an optical medium configured to transmit a laser beam and

having an incident face, a first face, a second face oppos-
ing to said first face; and

a plurality of gain media pumped by a pumping light beam

and configured to amplily the laser beam while retlect-
ing the laser beam, wherein said plurality of gain media
are Tormed of same optical material and doped with at
least one active element,

wherein ones of said plurality of gain media are joined on

a first face of said optical medium as first face gain
media, and the remaining gain media are joined on a
second face of said optical medium as second face gain
media,

wherein the laser beam 1s amplified by said first face gain

medium and said second face gain media while being
alternately reflected by said first face gain media and
said second face gain media, and

wherein at least one of (1) dope quantities of the active

clement 1nto said plurality of gain media and (1) thick-
nesses of said plurality of gain media 1n a direction
perpendicular to the first or second face 1s adjusted such
that an amount of heat generated by absorbing the pump-
ing light beam 1s uniform over said plurality of gain
media.

2. The laser gain medium according to claim 1, wherein an
absorption factor of the pumping light beam of one of said
first and second face gain media which 1s near to the incident
face 1s smaller than that of the other gain medium which 1s
distant from the incident face.
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3. The laser gain medium according to claim 1, wherein
said first face and said second face of said laser gain medium
are cooled.

4. A laser system comprising;:

a laser gain medium;

a pumping light source configured to supply a pumping

light beam;

a laser beam source configured to supply a laser beam; and

an input optical system configured to lead the laser beam on

an optical path on which the pumping light beam propa-
gates,

wherein said laser gain medium comprises:

an optical medium configured to transmit the laser beam

and the pumping light beam and having an incident face,
a first face, a second face opposing to said first face; and
a plurality of gain media pumped up by said pumping light
source and configured to amplity the laser beam while
reflecting the laser beam, wherein said plurality of gain
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media are formed of same optical matenial and doped 20

with at least one active element,

wherein at least one of said plurality of gain media 1s joined
on a first face of said optical medium as a first face gain
medium, and at least one of the remaining gain media 1s

joined on a second face of said optical medium as a 25

second face gain medium,
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wherein at least one of (1) dope quantities of the active
clement into said gain media and (1) thicknesses of said
gain media 1n a direction perpendicular to the first or
second face 1s adjusted such that an amount of heat
generated by absorbing the pumping light beam 1s uni-
form over said gain media,

wherein the pumping light beam i1s incident from said

pumping light source nto said optical medium through
said incident face by said mput optical system, and
pumps up said first and second face gain media through
the optical path while being alternately reflected by said
first face gain medium and said second face gain
medium, and

wherein the laser beam 1s propagated on the optical path

and 1s amplified by said first face gain medium and said
second face gain medium.

5. The laser system according to claim 4, wherein an
absorption factor of the pumping light beam of one of said
first and second face gain media which 1s near to the incident
face 1s smaller than that of the other gain medium which 1s
distant from the incident face.

6. The laser system according to claim 4, further compris-
ng:

a cooling unit configured to cool said first face and said

second face of said laser gain medium.
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